Using the instrumented nanoindentation and differential-scanning calorimetry, the effect of the structural relaxation at the elevated temperature on the Zr 52:5 Cu 17:9 Ni 14:6 Al 10:0 Ti 5:0 bulk-metallic glass was investigated. The structural relaxation did not exert a significant influence on the plastic-flow behavior. However, the relaxation enhanced both the hardness and elastic modulus substantially. The decrease in the structural relaxation enthalpy before the glass transition indicates that the relaxation reduced the free volume significantly. The increase in the hardness and elastic modulus is attributed to the reduction in the free volume that resulted from the relaxation.
Introduction
During the last decade, a significant advancement has been made in exploring multicomponent glass-forming metallic alloys with substantially sluggish crystallization kinetics, which resulted in the development of numerous bulk-metallic glasses (BMGs), that include Zr-, Ni-, Ti-, Mg-, Cu-, Pt-, Fe-, La-, and Pd-base alloy systems. As their critical cooling rates are as low as 100 K/s, the BMGs can be produced using conventional casting techniques and their size is as large as millimeters or even centimeters. 1) This progress makes the applications of metallic glasses as structural materials become a reality.
1) The BMGs have outstanding mechanical properties, such as the high strength of up to 5 GPa, 2) large elastic deformation limit of around 2%, 1) as well as good fatigue properties. [3] [4] [5] [6] As well known, metallic glasses are in a thermodynamic metastability and their structures tend to relax, by releasing the excessive free volume. The free volume as a structural feature in metallic glasses affects mechanical properties. A decrease in the free volume generally increases the strength and deteriorates the ductility. [7] [8] [9] [10] [11] [12] But, the effect of the free volume on the mechanical behavior is seldom investigated experimentally.
Due to the shear-banding instability during the inhomogeneous deformation of BMGs, a very limited plasticity can be developed before the failure in a uniaxial loading. 13, 14) This trend makes it difficult to investigate the mechanical behavior. An instrumented nanoindentation is a useful probe for studying the mechanical response of various materials to micro-to nano-scale loads. This technique has been applied widely to the investigation of mechanical behavior of metallic glasses. 15) In this paper, an instrumented nanoindenter is utilized to study the mechanical behavior of the as-cast and relaxed Zr 52:5 Cu 17:9 Ni 14:6 Al 10:0 Ti 5:0 (atomic percent, at%) BMGs. It is expected that this work can provide insight to the effect of structural relaxation on the mechanical behavior of the BMGs.
Experimental
The Zr 52:5 Cu 17:9 Ni 14:6 Al 10:0 Ti 5:0 BMG (Vitreloy 105) was prepared by arc-melting a mixture of the constituent elements in a purified argon atmosphere. In order to obtain the homogeneity, the alloy ingots were remelted several times before cast into a water-cooled copper mold using an in-situ suction-casting facility. The resulting cylindrical BMG rods have a dimension of 3 mm in diameter and 30 mm in length. The specimens for the relaxation annealing were sealed in a quartz tube under vacuum. The annealing treatment was performed at 583 K for 30 min., which is lower than the glasstransition temperature (T g ). The amorphous structure of the as-cast and the relaxed specimens was examined by x-ray diffraction with Cu K radiation using Philips X'pert Diffractometer. Differential-scanning calorimetry (DSC, Perkin-Elmer DSC7) was used to characterize the thermal properties of the BMGs. DSC was run two times for each specimen from 323 to 873 K at the heating rate of 20 K/min in an argon atmosphere. Taking the second scan as a base line, any thermal effects from the structural evolution during heating were investigated.
The surfaces of the specimens were electropolished, using a twin-jet thinning electropolisher for nanoindentation tests. The polishing was performed at a solution of 25% nitric acid and 75% methanol (volume percent) at 243 K and a voltage of 10 V. Nanoinstruments Nanoindenter II with a Berkovich diamond indenter was used to characterize their mechanical behaviors. At least 10 indents were made on each specimen with the separation between adjacent indents of 20 mm. The loading phase of indentation was carried out under the displacement control at the loading rates of 1 nm/s, 10 nm/s, and 100 nm/s to a maximum displacement of 350 nm. At 90% unloading, a dwell period of 100 s was imposed to correct for any thermal drift in the system, which was less than 0.5 nm/s. The load-displacement curves, hardness, and elastic modulus were obtained from the indentation experiments. Figure 1 shows the x-ray diffraction patterns of both the as-cast and relaxed Zr 52:5 Cu 17:9 Ni 14:6 Al 10:0 Ti 5:0 BMGs. The broad diffraction maxima demonstrate the amorphous structure of the as-cast and relaxed alloys. The relaxation annealing at the low temperature (583 K) for a short time (30 min.) only relaxed the amorphous structure and did not cause any crystallization. Figure 2 displays the DSC thermograms for the as-cast and relaxed alloys that were normalized using the base lines. From the DSC curves, the typical thermal properties were determined, as shown in Table 1 . The as-cast and relaxed alloys exhibit a similar thermal behavior. There are an obvious exothermic peak for crystallization and an endothermic peak for a glass transition for both alloys. The exothermic heats of crystallization (ÁH x ) are 47.6 J/g and 42.5 J/g for the as-cast and relaxed alloys, respectively, indicating their fully amorphous structures. The glasstransition temperatures (T g ) and the onset temperature of the crystallization (T x ) are 673 K and 744.7 K, and 680 K and 741.5 K for the as-cast and relaxed alloys, respectively. The relaxation annealing stabilizes the structure of the alloy and delays the glass transition to a higher temperature. Figure 2 (B) exhibits the enlarged DSC scanning curves at low temperatures. The exothermic reactions of both the ascast and relaxed alloys manifesting structural relaxation are clearly observed just below the T g . The structural-relaxation exothermic heat (ÁH o ) of the as-cast alloy (4.3 J/g) is much higher than that of the relaxed alloy (1.6 J/g), which must be related to the large difference in the amount of the free volume between the as-cast and relaxed alloys. Slipenyuk and Eckert demonstrated that the amount of escaped free volume during heating is proportional to exothermic heat of structural relaxation. 16) Therefore, the relaxed alloy contains smaller amount of the free volume than the as-cast alloy. Table 2 shows the values of hardness and elastic modulus of the as-cast and relaxed alloys that were obtained from the nanoindentation tests. It is important to mention that the hardness was obtained from the nanoindentation with a maximum displacement of 350 nm and a loading rate of 10 nm/s. Due to an indentation-size effect, hardness values for amorphous alloys, derived from nanoindentation, are higher than those obtained from macro-or microhardness testers. 17, 18) Thus, the numbers we present here are only used for the comparison between the current two specimens. It can be seen that the relaxed alloy has a higher hardness and elastic modulus than the as-cast alloy. Figure 3 (A) displays the typical load-displacement curves for the as-cast and relaxed alloys at various loading rates. The obvious serrations are observed at all the loading rates for both alloys. The serrations become less obvious with increasing the loading rates for them. Such the strain-rate 15) From the nanoindentation data, the strain rates, _ " " ¼ ð1=hÞðdh=dtÞ, where h is the indenter displacement during loading, were calculated for the loading rate of 10 nm/s. The values change with depth, as shown in Fig. 3(B) . The strain rates for both the alloys show the same decreasing trend with increasing depth. However, the curves are not smooth and there are obvious serrations. These curves highlight the serration behavior observed in the loaddisplacement curves [ Fig. 3(A) ] and demonstrate that there is little difference in the serrations between the as-cast and relaxed alloys.
Results

Discussions
Amorphous alloys contain a significant amount of free volume. The free volume is one of the most important structural features in amorphous alloys, which significantly affects the mechanical, physical, and chemical properties. DSC is one of the effective methods to characterize the structural relaxation that is closely related to the free volume in amorphous alloys, which is frozen during cooling. In a DSC thermogram, the exothermic reaction just below the T g is a result of the annihilation of free volume and structural relaxation. The exothermic heat is proportional to the amount of escaping free volume.
16) The present work demonstrates that the exothermic heat during the structural relaxation in the relaxed Zr 52:5 Cu 17:9 Ni 14:6 Al 10:0 Ti 5:0 is significantly smaller than that in the as-cast alloy [ Table 1 and Fig. 2(B) ], indicating that the relaxed alloy contains a smaller amount of free volume than the as-cast alloy. During cooling in the preparation of BMGs, a significant amount of excessive free volume is entrapped in an amorphous matrix. The free volume tends to escape, and at elevated temperatures, their kinetics becomes significant. Using DSC and density measurement, Slipenyuk and Eckert 16) demonstrated the decrease in the free volume that resulted from the relaxation annealing at the low temperatures. Even though a quantitative distinction in the free volume between the as-cast and relaxed alloys can not be made in the present work, a qualitative (or semi-quantitative) difference is clearly observed.
Nanoindentation indicates that the relaxed alloy has appreciably higher hardness and elastic modulus than the as-cast alloy ( Table 2) . Their difference in mechanical strength must be closely related to the amount of free volume in the amorphous matrix. Evidently, an increase in the free volume increases the average atomic distance that affects the material stiffness, i.e., elastic modulus. On the other hand, the free volume also influences the resistance to the plastic deformation. The increase in the free volume results in lower resistance to the plastic deformation. Jiang and Atzmon 14) also observed the decreases in the hardness values in the order of the as-relaxed, as-spun, and as-rolled states of the amorphous Al 86:8 Ni 3:7 Y 9:5 , while the free volume in these states is expected to increase in the opposite order. In fact, it is widely observed that relaxation annealing causes an increase in hardness/strength in metallic glasses. [14] [15] [16] [17] [18] [19] [20] The relatively high increase in hardness and elastic modulus of the relaxed alloy is attributed to the smaller amount of the free volume in its matrix, which was caused by the structural relaxation.
In nanoindentation, the load-displacement curves (Fig. 3 ) of both the as-cast and relaxed alloys display obvious serrations. Wright et al. suggested that the serrated plastic flow is caused by the formation of individual shear bands. 21) At low temperatures (e.g., room temperature) and high strain rates, metallic glasses exhibit an inhomogeneous plastic deformation, and the deformation is confined to highlylocalized narrow regions, i.e., shear bands. This trend indicates that the plastic deformation of both the as-cast and related alloys is inhomogeneous. However, the serrations tend to diminish with increasing the loading rates. Using atomic force microscopy, Jiang and Atzmon 22) observed the shear bands around the nanoindents for both higher and lower strain rates. With increasing strain rates, the shear bands become finer in size and larger in the number. They suggested the contributions to the absence of serrated flow at high strain rates: (i) the sampling rate, (ii) the instrumental response time, and (iii) the rate of shear-band formation. Using an infrared camera, Jiang et al. 23, 24) recently observed in-situ dynamic shear-banding processes during uniaxial compression of the Zr 52:5 Cu 17:9 Ni 14:6 Al 10:0 Ti 5:0 BMG and demonstrated that serrations in plastic flow correspond to the individual shear-banding events. No appreciable distinction in serrations between the as-cast and relaxed alloys can be made in the strain rate versus displacement curves (Fig. 4) . Therefore, the effect of the free volume on the inhomogeneous plastic flow can not be identified in the present study. 
Conclusions
The as-cast and relaxed Zr 52:5 Cu 17:9 Ni 14:6 Al 10:0 Ti 5:0 BMGs were characterized for the thermal and mechanical behaviors. The main results can be summarized as follows.
(1) The relaxation annealing at the low temperature and for a short time reduced the excessive free volume significantly. (2) The structural relaxation enhanced both hardness and elastic modulus, which is attributed to the reduction in the amount of the free volume in the amorphous matrix. BMGs during loading at a loading rate of 10 nm/s. In order to avoid overlapping, the curves were shifted along the strain rate.
